The transcription factor Sox2 plays important roles in both human and mouse retinal development. Although loss-offunction mutations in Sox2 have been studied in mice, gain-offunction experiments in the neural retina have been lacking. METHODS. The detailed expression pattern of Sox2 in the developing mouse retina was examined by immunohistochemistry. Then, Sox2 was expressed in a retinal explant culture prepared from E17 mouse embryos by retrovirus-mediated gene transfer to examine its role in retinal development. In addition, shRNA was used to suppress Sox2 in a retinal explant using a retrovirus-mediated system. RESULTS. Sox2 was expressed throughout the neuroblastic layer in the embryonic retina, but only in the inner nuclear layer in the mature retina. Double immunostaining revealed that Sox2 was expressed in Müller glial cells and in a subset of amacrine cells. Forced expression of Sox2 in a mouse retinal explant culture resulted in the dramatic accumulation of amacrine cells in the inner nuclear layer; in addition, cells expressing amacrine cell markers were also found on the innermost side of the outer nuclear layer. The expression of Pax6, which plays an important role in amacrine cell differentiation, was observed in the Sox2-expressing cells, and Sox2 activated the Pax6 promoter to drive luciferase expression in Y79 cells. A decrease in retinal progenitor cell proliferation accompanied these effects. The suppression of Sox2 expression by shRNA resulted in a decreased number of cells in the inner nuclear layer. CONCLUSIONS. Therefore, ectopic Sox2 expression can induce amacrine cells in the mouse retina from stage E17 onward, possibly by facilitating cell cycle exit. (Invest Ophthalmol Vis Sci. 2009;50:68 -74)
T he HMG-box transcription factor Sox2 is B1-subgroup Sox gene family member and a common marker for multipotential neural stem cells and progenitor cells in the central nervous system (CNS) including the neural retina. 1, 2 In the CNS, Sox2 is expressed in proliferating progenitors; its expression is downregulated as the progenitors exit the cell cycle. In accordance with this expression pattern, constitutive Sox2 expression inhibits neuronal differentiation, resulting in the maintenance of progenitor characteristics. 3 The involvement of Sox2 in eye development has been studied in several animal models. During chick eye development, Sox2 is initially expressed in the anterior neural plate and optic vesicle. Its expression is subsequently restricted to the progenitor cells of the neural retina and then to amacrine cells. 4, 5 The inhibition of Sox2 signaling by the injection of Sox2 antisense morpholinos into Xenopus embryos results in reduced or missing eyes. 6 In Sox2 mutant mice, the precise regulation of Sox2 expression is critical for the temporal and spatial regulation of retinal progenitor cell differentiation. 7 In Sox2 hypomorphic/null mice, a reduction in Sox2 expression causes microphthalmia (small eye) as a result of aberrant neural progenitor differentiation and reduced proliferation caused by a lack of Notch1 activation. 7 In accordance with this observation, mutations in Sox2 in humans are associated with retinal and ocular malformations, such as anophthalmia (absent eye) and severe microphthalmia. 8 Other studies have revealed that Sox2 deficiency causes neurodegeneration and impaired neurogenesis in adult mice. 9 However, the molecular mechanisms by which Sox2 participates in eye development are still poorly understood.
We used a gain-of-function analysis and found that Sox2 promotes amacrine cell differentiation in a retinal explant culture prepared from an E17 mouse embryo. The induction of Pax6 by Sox2 was also observed. However, proliferation of retinal progenitor cells was decreased by ectopic Sox2 expression, suggesting that during early differentiation of the retina, Sox2 may promote amacrine cell differentiation partly through the induction of Pax6 and by facilitating cell cycle exit of retinal progenitor cells.
METHODS

Isolation of Retina from Mice
ICR mice were obtained from Japan SLC Co. and Japan Clea Co. The day that a vaginal plug was observed was considered to be embryonic day 0 (E0), and the day of birth was marked as postnatal day 0 (P0). All animal experiments were approved by the Animal Care Committee of the Institute of Medical Science, University of Tokyo and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Plasmids Construction and RT-PCR
The mouse Sox2 gene was kindly provided by Hisato Kondoh (University of Osaka, Japan) and subcloned into EcoRI/XhoI sites of the pMX-IRES-EGFP retrovirus vector. Total RNA was purified from mouse retinas (TRIzol reagent; Invitrogen-Gibco, Carlsbad, CA), and cDNA was synthesized (Superscript II; Invitrogen-Gibco). The primer sets were tested over a range of thermal cycles using rTaq (Takara, Shiga, Japan), and the semiquantitative cycle number was determined for each primer set. Bands were visualized with ethidium bromide. The s-opsin promoter region (Ϫ523 to first ATG in the exon, 10 ) was amplified by PCR, and inserted into HindIII and NcoI sites of pGL3 basic vector (Promega, Madison, WI). Primer sequences were as follows; 5Ј-AAGCTTGGCAGGATGCAGTTGTTTCT-3Ј and 5Ј-CCATGGCCCGCT-TGGGATGCCCTCACTA-3Ј. The Pax6␣-enhancer-P0 promoter was amplified from the genomic DNA of Pax6␣-cre transgenic mice 11 by PCR. Next, an NcoI site was created at the translation initiation site, ATG, of the Pax6 P0 promoter by PCR mutagenesis. The resultant fragment was subcloned into the NcoI site of pGL3-Basic (Promega). Primer sequences used were as follows: Pax6␣ enhancer-5Ј: 5Ј-TCAAGCTAC-CCTGAAAACGCA-3Ј, Cre-3Ј: 5Ј-CCTGTTTTGCACGTTCAC-3Ј, Pax6 P0 (ATG-NcoI)-3Ј: 5Ј-TTCTTGGCCATGGTCGACCT-3Ј. Oligonucleotide-directed mutations were introduced in the conserved Sox2 binding motif of the Pax6␣-enhancer element using PCR mutagenesis. The primer sequences used were as follows: Pax6␣-enhancer Sox2mt 5Ј: 5Ј-GCACTGTCCTGCAGTGACAAGGC-3Ј; Pax6␣-enhancer Sox2mt 3Ј: 5Ј-GCCTTGTCACTGCAGGACAGTGC-3Ј.
The mutated Pax6␣-enhancer-P0 promoter fragment was subcloned into the NcoI site of the pGL3-Basic luciferase reporter vector (Promega).
Retinal Explants and Retrovirus Infection
Retinal explants were prepared as previously described. 12 Briefly, the neural retina was isolated on a chamber filter (Millicell; Nihon-Millipore, Tokyo, Japan) and placed with the ganglion cell layer face-up. The filters were inserted into six-well plates and cultured in 1 mL of explant culture medium. 12 Infection of retrovirus was performed as described elsewhere. 12 Oligonucleotide-directed mutations were introduced in the conserved Sox2 binding motif of the Pax6␣-enhancer element using PCR mutagenesis. The primer sequences used were as follows: Pax6␣-enhancer Sox2mt 5Ј: 5Ј-GCACTGTCCTGCAGTGACAAGGC-3Ј; Pax6␣-enhancer Sox2mt 3Ј: 5Ј-GCCTTGTCACTGCAGGACAGTGC-3Ј. The mutated Pax6␣-enhancer-P0 promoter fragment was subcloned into the NcoI site of the pGL3-basic luciferase reporter vector (Promega).
Immunohistochemical Analysis
Immunohistochemistry of retinal explants was performed as previously described. 12 The primary antibodies used are anti-GFP (BDClontech Laboratories, Palo Alto, CA), anti-HuC/HuD neuronal protein (Invitrogen-Molecular Probes, Eugene, OR), anti-islet1 (Developmental Studies Hybridoma Bank, Iowa City, IA), anti-glutamine synthetase (GS, Chemicon Int., Temecula, CA), anti-protein kinase C (PKC; Oncogene Research Products, San Diego, CA), anti-calbindin-D-28K (Chemicon Int.), anti-Pax6 (Convance), anti-Pax6 (Developmental Studies Hybridoma bank), anti-ki67 (BD Bioscience, San Diego, CA), anti-Sox2 (Abcam, Cambridge, MA), anti-choline acetyltransferase (ChAT; Chemicon Int.), and anti-calretinin (Chemicon Int.) antibodies. The primary antibodies were visualized by appropriate second antibodies conjugated with Alexa Fluor 488 or 546 (Molecular Probes). All samples were sealed with mounting medium (VectaShield; Vector Laboratories, Burlingame, CA) containing DAPI for nuclear staining, and analyzed (Axioplan microscope; Carl Zeiss Meditec, Inc. or a fluorescence dissection microscope MZFL III; Leica, Bannockburn, IL). To evaluate the staining patterns of Sox2 and the other markers, we counted more than 200 cells from multiple pictures taken during independent experiments.
RNAi Design and Construction of Plasmids for shRNA Synthesis
Target sequence for RNA interference of Sox2 was as described previously. 13 For shRNA expression, a double-stranded oligonucleotide covering shRNA sequences was first subcloned into the BbsI and EcoRI sites of a pU6 vector, 14 and then the U6 promoter-shRNA cassettes were further subcloned into the BamHI and EcoRI sites of pSSCG vector. The efficiency of shRNA was examined by Western blot analysis in 3T3 cells expressing Sox2.
Luciferase Analysis in Y79 Cells
Y79 (Riken Cell Bank, Japan) cells were maintained in RPMI1640, 10% FCS. The Y79 cells were plated in 24-well plates (1 ϫ 10 5 cells/well), 0.5 g pGL3-Pax6 and pGL3-Opsin promoter constructs were cotransfected with 0.5 g pBS (control) or pCMV-Sox2 plasmids (GeneJuice Transfection Reagent; Novagen, San Diego, CA). After 25 hours' culture, the transfected cells were harvested and lysed in 100 L of luciferase assay lysis buffer. Protein concentration was determined by BCA protein assay (Pierce, Rockford, IL). Luciferase activity was measured with a luciferase assay substrate (Promega). Relative light units were normalized to protein concentration.
RESULTS
Expression of Sox2 during Retinal Development
Previously, Sox2 expression was examined in mice in which the coding region of Sox2 was replaced with EGFP 7 ; however, no detailed examination was made of the endogenous Sox2 gene or protein. Thus, we first examined endogenous Sox2 in retinas of wild-type mice with respect to both mRNA transcription and protein expression. Specifically, changes in the mRNA expression of Sox2 over time in the mouse neural retina were examined at various developmental stages using semiquantitative RT-PCR (Fig. 1A) . Sox2 mRNA was expressed at E16 and after birth; thereafter, its expression gradually decreased, but persisted until adulthood. We next examined the spatiotemporal expression of Sox2 at various developmental stages by immunostaining of frozen retinal sections of wild-type mice. At E17, ganglion cells had started to form the innermost layer, whereas most other areas of the retina were occupied by immature progenitor cells collectively known as the neuroblastic layer (NBL). Sox2 expression was observed in the NBL, except in the outermost region (Fig. 1B , arrowheads) at E17. At P5, Sox2 expression was dramatically downregulated in the NBL and was observed in the ganglion cell layer (GCL) and on the innermost side of the NBL, corresponding to the inner nuclear layer (INL), which had just begun to form (Fig. 1B) , suggesting that Sox2 is expressed in differentiating cells. Approximately 2 weeks after birth (Fig. 1B, P15 ), Sox2 expression was restricted to the GCL and INL. In the adult retina, Sox2 expression was clearly observed in the INL, which consisted of horizontal, amacrine, bipolar, and Müller glia cells, and was weakly detected in the GCL, which consisted of retinal ganglion cells and displaced amacrine cells. This pattern of expression is quite similar to that reported for the Sox2 promoter-EGFP mouse. 7 We next examined the retinal subtypes of Sox2-expressing cells by examining the expression of various retinal cell-specific markers. Sox2 was expressed in Müller glial and amacrine cells based on the coexpression of GS and HuC/HuD (Fig. 1C) . While most of the GS-positive cells also expressed Sox2, less than 30% of the HuC/HuD-positive amacrine cells expressed Sox2. These results suggest that not all amacrine cells express Sox2.
Amacrine cells can be classified into several subtypes, and so we examined the expression of amacrine cell subtype markers. In mouse retina, GABAergic neurons compose approximately 40% of amacrine cells. 15 Calretinin was localized in some GABAergic neurons, and nearly all the Calretinin-positive cells coexpressed Sox2 (Fig. 1C) . Many GABAergic amacrine cells in the mouse retina contain other neurotransmitters such as acetylcholine and dopamine in addition to GABA. Islet1 and choline acetyltransferase (ChAT) are markers of cholinergic amacrine cells. Approximately 80% of Islet-1-positive amacrine cells coexpressed Sox2, and all of the ChAT-positive cells also expressed Sox2 (Fig. 1C) . These results suggested that Sox2 could also be a marker for cholinergic amacrine cells. The Sox2 and Islet-1 double-positive cells in the GCL were assumed to be displaced amacrine cells (Fig. 1C) . Although we could not obtain clear antibody staining against another amacrine cell subset marker that localizes to 30% of all amacrine cells, 15 all the Sox2-positive cells in the row of amacrine cell nuclei of the developing retina expressed GABAergic neuron markers.
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Therefore, we assume that Sox2 is a marker for this subset of amacrine cells.
Effect of Forced Sox2 Expression on Proliferation in E17.5 Retinal Explant Cultures
We next examined whether Sox2 overexpression affects retinal development using in vitro retinal explant cultures. Retroviruses encoding Sox2-IRES-EGFP or IRES-EGFP (control) were used to infect retinal explant cultures prepared from an E17.5 mouse eye. Because the retrovirus infects only mitotic cells, retinal progenitor cells are assumed to be the major target for gene transfer. Explanted retinal cells differentiate in culture as during in vivo development; thus, the localization and morphology of the virus-infected cells can be determined by monitoring EGFP expression. After 2 weeks of culture, uninfected cells and cells infected with Sox2 and control viruses were immunostained with anti-Sox2 antibody to compare their levels of Sox2 expression. Sox2 virus-infected cells were identified by EGFP signals, and these cells (arrows) exhibited a higher level of Sox2 protein than did noninfected cells ( Fig. 2A , bottom) and control virus-infected cells, which showed no detectable Sox2 protein expression ( Fig. 2A , top. The red signal was intensified to examine expression in EGFP-positive cells, and this intensity was not comparable to, and cannot be compared with, the Sox2-overexpressed samples that appear in the bottom panels.) We then examined the distribution of infected cells in the retinal sublayers of the explants by immunostaining a frozen, sectioned explant with anti-GFP antibodies (Fig. 2B ). In the control explant, most of the EGFP-positive cells were localized in the outer nuclear layer (ONL), as previously observed 16 ; however, when Sox2 was expressed, several EGFP-positive cells were observed in the INL (Fig. 2B) . Furthermore, the EGFP-positive cells in the ONL were localized on the innermost side (Fig. 2B) . The quantification of the distribution of EGFP-positive cells in the sublayers of the retina showed that Sox2 expression increased the population of retinal cells in the INL from Ͻ20% in the control to nearly 60% in the Sox2-expressing samples (Fig. 2C) . In contrast, the population of EGFP-positive cells in the ONL decreased from 80% in the control to 40% in the Sox2-expressing cells (Fig. 2C) .
Given the location of the amacrine cells within the inner half of the INL, we speculated that the forced expression of Sox2 may be inducing progenitor cell differentiation into amacrine cells. To confirm this possibility, double-immunostaining was conducted using anti-EGFP antibodies with anti-HuC/ HuD or anti-Pax6 antibodies, both of which label amacrine cells. The forced expression of Sox2 dramatically increased the number of HuC/HuD-and Pax6-positive cells from 10% in controls to 60% in Sox2-expressing cells (Fig. 2D ). When we examined markers for amacrine cell subtypes, the number of cells expressing GABA and/or calretinin, both of which are markers of GABAergic amacrine cells, was enhanced. However, the increase in the number of GABA and calretinin positive cells was less than that of HuC/HuD-positive cells. This suggests that the remaining HuC/HuD positive/GABA-negative cells were glycinergic cells. Therefore, Sox2 is not specifically an enhancer for the differentiation of the GABAergic subtype of amacrine cells. Alternatively, these cells are amacrine cell precursors that have fail to differentiate. We also examined the expression of various markers for retinal subtypes other than amacrine cells among Sox2-expressing cells. The number of GS-positive Müller glial cells was increased, whereas the number of rhodopsin-positive rods was decreased dramatically among Sox2-expressing cells (Fig. 2D) . The numbers of PKC-positive bipolar cells and calbindin-positive horizontal cells were unaffected by the expression of Sox2. These data indicate that the forced expression of Sox2 in retinal explants promotes the differentiation of amacrine cells and Müller glial cells and suppresses that of photoreceptor cells. We also observed several unidentified cells at the border between the ONL and the outer plexiform layer (OPL) in retinal explants infected with Sox2-IRES-EGFP (Fig. 2B, arrows) . These cells expressed HuC/HuD, but not rhodopsin (data not shown), suggesting that they may have amacrine cell characteristics, but that they failed to migrate to the appropriate location for amacrine cells in the INL.
During proliferation, retinal progenitor cells are assumed to move vertically between apical and basal sides of the retina, 17 and cells in the same column are thought to derive from a single common progenitor cell. When we examine cells in individual columns, the number of cells in the control EGFP sample is clearly greater than the number of cells observed in the Sox2/EGFP samples, suggesting that forced expression of Sox2 suppresses the proliferation of retinal progenitor cells. Therefore, we next asked whether Sox2 forces retinal progenitor cells to stop dividing, leading to their differentiation into amacrine cells. Thus, we examined the mitotic status of Sox2 expressing cells in retinal explants by analyzing the expression of Ki-67, a nuclear cell proliferation-associated antigen expressed during the active stages of the cell cycle. 18 Explants prepared from the retinas of E17 embryos were harvested after 3 or 5 days of culture, and the frozen sections were stained with anti-Ki67 antibodies to analyze cell proliferation (Fig. 2E,  left) . The proportion of Ki67-positive proliferating cells was approximately 20% after 3 days of culture and decreased to approximately 10% after 5 days of culture in the control sample. In contrast, the number of proliferating cells in the Sox2-IRES-EGFP-infected population was half that in the control More than 100 cells were examined for each sample, and the average value from three independent experiments is shown with the SD. (E) Proliferation of Sox2-expressing retinal cells was examined by expression of Ki67 (left), a nuclear cell proliferationassociated antigen expressed during the active stages of the cell cycle, or by incorporation of BrdU (right). Retinal explants infected with retrovirus particles encoding Sox2-IRES-EGFP or a control construct were harvested after 3 and 5 days of culture. For BrdU incorporation assay, BrdU was present during the last 24 hours of the culture. The expression of Ki67 or incorporated BrdU was visualized by immunostaining specific for Ki67 or BrdU, respectively. *P Ͻ 0.01, **P Ͻ 0.05, ***P Ͼ 0.05.
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samples. In the samples that were cultured for 5 days, the number of Ki67-positive cells among the Sox2-expressing population was still lower than in the control. We tested our results by using a BrdU incorporation assay and obtained essentially the same data (Fig. 2E, right) . Thus, it is possible that Sox2 promotes amacrine cell differentiation by altering the exit of the cells from the cell cycle.
Sox2 Enhancement of Pax6 Enhancer Activity
Because we observed the expression of Pax6 in Sox2-expressing cells (Figs. 2D, 3A) , we examined whether Pax6 induces Sox2. Pax6 was overexpressed in a retinal explant using a retrovirus, and the expression of Sox2 was examined by immunostaining. Sox2 expression was not induced by Pax6 (Fig.  3B) . These results suggest that Sox2 acts upstream of Pax6. Thus, we asked whether this effect occurs via transcriptional activation or another mechanism. Using the retina-specific Pax6 enhancer region (Pax6 ␣-enhancer-P0 promoter 11 ) fused with a luciferase reporter gene, we examined the effects of Sox2 on luciferase activity in Y79 retinoblastoma cells. A mouse S-opsin promoter-luciferase construct was used as the control. Sox2 strongly activated Pax6-promoter luciferase activity in Y79 cells; in contrast, s-opsin-luciferase activity was suppressed by the expression of Sox2 (Fig. 3D) . There is one putative Sox2 binding site in the Pax6␣-enhancer that is conserved between both human and mouse enhancers (Fig. 3C) , and so we constructed a Pax6 promoter with a mutation in this putative Sox2 binding site and cloned it into the luciferase reporter construct. However, luciferase activity driven by this construct was only slightly less than that produced from the wild-type Pax6 enhancer construct (Fig. 3D) . This result suggested that the putative conserved site may not be the only one; multiple binding sites could be involved in enhancing Pax6 transcription. We next examined whether the expression of Pax6 and Sox2 overlaps during amacrine cell development by immunostaining of frozen sections. In retinal sections at E14.5, both Pax6 and Sox2 were strongly expressed. A relatively strong signal was observed in the outer and inner regions for Sox2 and Pax6, respectively (Fig. 3E) . Most of the Sox2-positive cells on the inner side were also Pax6-positive. Double (Fig. 3E) . These results suggest that Sox2 and Pax6 are coexpressed at an early stage of amacrine cell development.
Effect of Inhibition of Sox2 Function on the Number of Cells in the INL
We next investigated the effect of a loss of function of Sox2 at the stage used in our overexpression experiments. We first used RNA interference (RNAi) to reduce the expression of Sox2. The ability of the Sox2-RNAi construct to knock down Sox2 mRNA expression was examined in NIH3T3 cells by the cotransfection of a pU6-Sox2-specific shRNA and a Sox2-expressing construct. Western blot analysis showed that Sox2 expression was significantly decreased by the expression of the shRNA (Fig. 4A) . A retrovirus encoding Sox2-RNAi was then used to infect retinal explants prepared from an E17.5 mouse eye. After 2 weeks, the localization and morphology of virus-infected cells were determined by examining EGFP-positive cells. The number of Sox2-downregulated cells was decreased in the INL and slightly increased in the ONL (Figs. 4B, 4C ). To determine whether the cells missing from the INL due to Sox2-downregulation were amacrine cells we examined the expression of the amacrine cell markers Pax6 and HuC/D in both control and Sox2-shRNA expressing retinal samples. The number of Pax6-or HuC/D-positive cells decreased with the expression of Sox2-shRNA, suggesting that suppression of Sox2 leads to a decrease in the number of amacrine cells. We tried to determine whether a specific loss of GABAergic amacrine cells occurred but the number of cells was too small to obtain statistically significant results.
DISCUSSION
The forced expression of Sox2 promoted the differentiation of amacrine cells from mouse retinal progenitor cells. Sox2 was previously reported to be expressed in proliferating CNS progenitors, and evidence is mounting to indicate that Sox2 maintains their progenitor properties. 3, 9 Furthermore, the expression of Sox2 in differentiated cells such as oligodendrocyte precursors converts them to multipotent neural stem-like cells that are capable of generating neurons and glial cells. 19 Our findings concerning Sox2 expression in the retina differed from previous findings in that Sox2 expression promoted progenitor cell differentiation. Currently, we do not have a rational explanation for these contradictory results; however, we surmise that they were not caused by a difference in the species or tissue used because the suppression of proliferation by the ablation of Sox2 was also observed in the retina, suggesting that Sox2 maintains the progenitor character of the retina. 7 One possible explanation is that Sox2 has different functions depending on the developmental stages of the retina (i.e., it sustains the character of the progenitor cells during early retinal development and promotes amacrine cell differentiation later on). A similar conjecture can be applied to Pax6, which is a key regulator of eye development. Pax6 encodes a transcription factor that has two DNA-binding motifs: a paired domain and a paired-type homeodomain. During early retinal development, Pax6 is expressed in the progenitor cells; thereafter, as retinal differentiation progresses, Pax6 expression is restricted to retinal ganglion, amacrine, and horizontal cells. 20 -22 In accordance with this expression pattern, Pax6 is important during early retinal development, especially the proliferation of retinal progenitor cells; however, at later stages, it functions in amacrine cell differentiation. 11 A similar change in function during retinal development may occur for Sox2.
Our results indicate that Sox2 induces Pax6 expression by transcriptional activation. In addition, because Pax6 could not induce Sox2 under the same experimental condition, Sox2 likely acts upstream of Pax6. We found a putative Sox2-binding domain in the Pax6 promoter region. Mutational analysis of the domain reduced, but did not abolish, Sox2-induced luciferase activity (data not shown), suggesting that multiple binding sites are coordinately involved in the activation of the Pax6 promoter by Sox2. However, we cannot exclude the possibility of an indirect effect by Sox2 on Pax6 induction. Sox2 binding to a lens-specific enhancer of Pax6 has been reported, 23 ; nevertheless, to our knowledge, no such observation has been made in the retina. We also observed strong induction of the Pax6 promoter by Sox2 in NIH3T3 cells (data not shown), suggesting that retina-specific molecule(s) are not required for induction. We must take into account accumulating evidence suggesting the existence of a complex network of molecules, including Pax6 and Sox2. As different physiological roles have been proposed for Pax6 during early and late development, Pax6 expression may also be differentially regulated during the early and late phases of retinal development. Moreover, Sox2 may contribute to Pax6 induction during the late phase only.
Amacrine cells are a class of retinal interneurons of the INL and GCL that modulate the synaptic activity between bipolar and ganglion cells. Some are located in the GCL as displaced amacrine cells, whereas others are found in the inner region of the INL. Our current work reveals that Sox2 is expressed in the GABAergic subset of amacrine cells. Sox2 is expressed only in the subset of the cells that are positive for the general amacrine marker HuC/HuD, even at E17 (data not shown). This suggests that the commitment to differentiate into the Sox2 subset of amacrine cells may have already occurred by E17. However, although forced expression of Sox2 promoted the development of new amacrine cells, we could not obtain any conclu- sive results to determine whether Sox2 specifically differentiated the GABAergic subset of amacrine cells. Furthermore, the idea that Sox2 may activate the expression of specific molecules in GABAergic neurons is an interesting concept that needs to be clarified by future extensions of this study. Amacrine cells emerge relatively early during mouse retinal development, 24 which raises the possibility that Sox2 promotes amacrine cell differentiation by inducing retinal progenitor cells to exit the cell cycle prematurely. This notion is supported by our finding that retinal cell proliferation was reduced by the expression of Sox2. However, because we found that Sox2 induces Pax6, we propose the specific induction of amacrine cells by Sox2. Both the modification of the timing of cell cycle exit and the specific activation of the Pax6 gene may contribute to this phenomenon.
Forced Sox2 expression also promotes Müller glial cell fate slightly. Previous studies showed that overexpression of Sox2 in Xenopus retinal progenitors promotes an increase in Müller glial cell differentiation, 6 suggesting that Sox2 may regulate progenitors toward the Müller glial cell fate in mouse retina too. Ablation of Sox2 expression from neural progenitors decreased the expression of Notch1 and Hes5. 7 Since Notch signaling also plays roles in Müller glial cell differentiation through the Hes1 and Hes5 bHLH transcription factors, 25 the combined results suggested the possibility that Sox2 promotes Müller glial cells through promotion of the Notch1 and Hes5 genes.
The siRNA knockdown of Sox2 in the progenitor cells of the neural retina of an E17 mouse resulted in a decreased number of cells in the INL. However, a recent study showed that decreased Sox2 expression in vivo using a cre/lox system leads to a loss of retinal ganglion cells and disrupted cell layering. 7 The latter study used a Pax6 retina-specific enhancer, which acts from around E13; thus, the remarkable defect in the Sox2 mutants may be caused by the early disruption of Sox2 by the Pax6 promoter. In contrast, we suppressed Sox2 at a much later stage (i.e., E17.5, which may have led to the difference in the observed phenotype). Taken together, our results suggest that a stage-specific mechanism may contribute to this specific phenomenon.
It should be noted that Sox2 may induce amacrine cells not simply by the induction of Pax6, as Pax6 alone does not suffice to induce amacrine cells. 26 Also, various other transcription factors could affect, or be affected by, the expression of Sox2. 7 Using the in vitro luciferase reporter system, we found that Sox2 induces the NeuroD promoter in Y79 cells (data not shown). However, we were unable to detect any augmentation of NeuroD protein in a retinal explant by immunostaining (data not shown). Therefore, the contributions of even undetectable levels of inducers or activators to the expression of NeuroD or other molecules may still influence cellular activities or possibly even, as suggested herein, Sox2-induced amacrine cell differentiation. Furthermore, if Sox2 is specifically involved in the differentiation of the GABAergic subset of amacrine cells, our findings provide several insights helpful in the study of the differentiation of those amacrine cell subtypes, whose molecular and cellular pathways are not well understood.
